Background Randomized trials have shown the benefits of injecting bone marrow-derived mesenchymal stem cells (BmMSCs) after standard hip decompression in patients with osteonecrosis of the femoral head. However, the combination of BmMSCs and plateletrich plasma (PRP) injected into the femoral head after decompression has not been reported previously. This study reports the results in a preliminary series of patients with osteonecrosis of the femoral head treated with BmMSCs plus PRP.
Questions/purposes (1) What is the survivorship free from reoperation, hip arthroplasty, and femoral head collapse in a preliminary series of patients with osteonecrosis of the femoral head treated with BmMSCs plus PRP? (2) Is there a change in the degree of femoral head involvement based on modified Kerboul angle? (3) What were the scores observed for pain and function at last followup? (4) Was there a difference in survivorship free from reoperation as a function of in vitro MSC count and viability?
Methods Twenty-two consecutive patients (35 hips; 11 men and 11 women) with corticosteroid-induced osteonecrosis who met study inclusion criteria were enrolled; none declined participation, and none was lost to followup, although one patient (two hips) died within a year of the procedure for reasons unrelated to it, and five patients (seven hips) did not undergo MRI at the 1-year followup. All patients had precollapse osteonecrosis, rated either University of Pennsylvania Stage 1 (n = 4) or Stage 2 (n = 31 hips). Mean age and body mass index were 43 years and 31 kg/m 2 , respectively. Patients underwent pre-and postoperative radiographs and MRI to assess femoral head involvement using the modified Kerboul angle. Absolute cell count and colony-forming unit (CFU) assays were used to assess MSC abundance and viability of the bone marrow obtained at the time of surgery. Patients were followed at regular intervals to assess clinical response to treatment with a mean followup of 3 years (range, 2-4 years). The change in femoral head involvement was assessed with the modified Kerboul angle; the Harris hip score was used to assess clinical outcome; and conversion to THA, reoperation, and survivorship free from femoral head collapse were analyzed with the Kaplan-Meier method on a per-hip basis. Results Survivorship free from THA, any procedure, and femoral head collapse was 84% (95% confidence interval [CI] , 75%-93%), 67% (95% CI, 55%-79%), and 93% (95% CI, 76%-98%), respectively, at 3 years postoperatively; two patients (four hips) underwent a second decompression and MSC injection for persistent pain without signs of radiographic collapse. All patients with collapse underwent THA. The mean modified Kerboul angle improved from 205°6 47°to 172°6 48°postoperatively (mean change -30°6 6°, p = 0.01). A greater proportion of patients who underwent an additional procedure had a modified Kerboul grade of 3 or 4 preoperatively (80% [four of five] versus 13% [four of 30 Grade 1 or 2; odds ratio, 26; 95% CI, 2-296; p = 0.005). Preoperatively the mean Harris hip score was 57 6 12, which improved to 85 6 15 (mean change 28 6 3, p < 0.001) at most recent followup. Patients undergoing a reoperation or THA had a lower mean concentration of nucleated cells/mL (5.5 x 10 6 6 2.8 x 10 6 cells/mL versus 2.3 x 10 7 6 2.2 x 10 7 cells/mL, p = 0.02) and lower mean CFUs (13 6 6 versus 19 6 7, p = 0.04) compared with those who did not. Conclusions Core hip decompression with injection of concentrated bone marrow plus PRP improved pain and function; > 90% of hips in this series were without collapse at a minimum of 2 years. In this preliminary study, successful results were seen when nucleated cell count was high and modified Kerboul grade was low. Further randomized studies are needed to determine this procedure's efficacy versus core decompression or nonoperative treatment alone. Level of Evidence: Level II, therapeutic study.
Introduction
O steonecrosis (ON) of the femoral head occurs in 10,000 to 20,000 new patients in the United States each year, predominantly in patients younger than 40 years of age [28, 32, 33] . The disease is characterized by trabecular and subchondral bone death, leading to fracture and collapse of the overlying articular surface [9, 16, 34, 35] . Once collapse of the articular surface occurs, the disease course rarely regresses, often leading to severe pain, functional disability, and sometimes THA in young patients [4, 5, 17, 20, 21, 25, 34] . Currently, it is not clear what leads to osteocyte death; however, oral corticosteroid use is a known risk factor for the disease [7, 23] .
Hip decompression alone has been used to treat ON in precollapse stages [3, 8, 9, 11, 12, 18, 22, 24, 30, 31, 42, 43] with a 10-year hip preservation rate of 96% patients with Ficat Stage I disease [8] . Although patients with Ficat Stage I disease are often effectively treated with core decompression alone, patients with more advanced precollapse disease (Ficat or University of Pennsylvania Stage II) treated with core decompression alone have a reported failure rate of up to 77% [24, 42] . To improve rates of hip preservation, the addition of different adjuvants to decompression including the injection of autologous mesenchymal stem cells (MSCs) obtained from iliac crest bone marrow concentrate (BMC) has been investigated [10, 12, 18, 22, 30, 43] ; however, these approaches are not universally successful. Plateletrich plasma (PRP) is an easily obtainable, autologous source of additional growth factors such as vascular endothelial growth factor, platelet-derived growth factor, transforming growth factor-b, and fibroblast growth factor, which has been shown to increase the rates of bone healing [13, 26, 38] . The combination of concentrated bone marrow-derived MSCs (BmMSCs) and PRP injected into the femoral head after decompression has not, to our knowledge, been reported previously.
We therefore asked: (1) Patients were identified in the senior author's (RJS) clinic as having precollapse ON of the femoral head, rated either University of Pennsylvania Stage I or II [40] . This was determined through the use of preoperative MRI and plain radiographs. To be enrolled in the study patients had to meet the following criteria: (1) patients consented to receive core decompression for a diagnosis of femoral head ON, University of Pennsylvania Stage I and II, based on preoperative MRI; (2) ages 18 to 70 years; (3) absence of a concurrent diagnosis of osteomyelitis; (4) normal bone marrow function, as defined by absolute neutrophil count > 1500/mL; and (5) radiographic and clinically confirmed ON of the femoral head.
Exclusion criteria consisted of (1) pregnant females; (2) active infection, HIV, hepatitis C, hepatitis B, or syphilis; (3) patients receiving active bisphosphonate therapy; (4) patients with poorly controlled diabetes (HgA1C > 8%), peripheral neuropathy, or vascular problems; (5) patients receiving hematopoietic growth factors or antiangiogenesis products; and (6) patients with collapse of the femoral head on preoperative imaging.
There were 11 males and 11 females with a mean age and body mass index of 43 years (range, 22-66 years) and 31 kg/m 2 (range, 22-41 kg/m 2 ), respectively, at the time of decompression. All patients had painful precollapse ON, rated either University of Pennsylvania Stage 1 (n = 4) or Stage 2 (n = 31 hips) [40] . In addition to all patients having a history of oral corticosteroid use, 14 patients were still taking oral corticosteroids at the time of decompression with a mean daily dose of 13 6 9 mg. Seven patients were current tobacco users. An accompanying labral tear was observed in 20 of 35 hips and may have contributed to pain in some patients ( Table 1 ). The labral tear was treated with arthroscopic débridement (n = 3) or repair (n = 2). In the remaining patients (n = 15), it was treated nonoperatively. Underlying diagnoses that required a history of corticosteroid use included asthma (n = 4), adrenal insufficiency (n = 3), polyarthralgia (n = 3), ulcerative colitis (n = 2), organ transplant (n = 2), chronic pain (n = 2), rheumatoid arthritis (n = 1), psoriasis (n = 1), Sjögren's syndrome (n = 1), leukemia (n = 1), encephalitis (n = 1), and dermatomyositis (n = 1).
All patients encountered in the senior author's clinic who met the eligibility criteria were enrolled in the study. No patient who was approached to be involved in the study refused. One patient (two hips) died before his 1-year followup examination for reasons related to his underlying comorbidities; therefore, no postoperative Harris hip score was calculated in this patient. At his last postoperative visit (6 months postoperatively), there were no signs of disease progression. Five patients (seven hips) did not undergo MRI at the 1-year followup. Reasons for patients not having the MRI performed included claustrophobia (n = 2), patient refusal (n = 1), death before 1 year (n = 1), and conversion to THA before 1-year followup (n = 1). The remaining 17 patients (28 hips) underwent postoperative MRI.
Surgical Procedure
The procedure was performed on a radiolucent table in the supine position under general anesthesia in all patients. After induction, 60 or 120 cc (bilateral hips) of anticoagulated blood was obtained and the blood was placed into a 60-cc vial and centrifuged for 15 minutes using the BioCUE™ System (Biomet Biologics, Warsaw, IN, USA). From this 6 or 12 cc of PRP was obtained. During the centrifugation process, bone marrow was aspirated from the anterior aspect of both iliac crests utilizing a 2-to 3-mm incision. A trocar (Biomet Biologics) was inserted into each iliac crest with gentle taps of a mallet between the two tables of ilium, allowing the aspiration of 60 to 120 cc of bone marrow. The bone marrow was then concentrated 10 x using the BioCUE System (Biomet Biologics), yielding 6 to 12 cc of BMC per crest. The goal of the procedure was to inject 6 cc of PRP and 12 cc of concentrated bone marrow into each femoral head.
During the bone marrow centrifugation, hip decompression was performed using biplanar (AP and frog-leg lateral) fluoroscopy. Through a 1-cm incision, the starting point for the 6-mm trocar was identified above the level of the lesser trochanter distal to the vastus ridge on the lateral aspect of the femur. The lateral cortex of the femur was then breached and the decompression was performed by hand through advancing the trocar with gentle taps of a mallet from lateral to medial, utilizing fluoroscopy to ensure the position of the trocar. Once the tip of the trocar entered the necrotic lesion, which was typically accompanied by a change in pitch of the mallet strikes, the position was confirmed with biplanar fluoroscopy. Care was taken to avoid advancing the trocar to within 5 mm of the articular surface because this may be a risk factor for postoperative subchondral collapse. When the femoral head lesion was not visible radiographically, the surgeon used the MR images to approximate the level where the trocar should sit in the femoral head. Yes  ---2  173  Yes  Yes  8  Male  32  2  185  Yes  No  9  Male  43  2  222  No  No  10  Male  46  2  234  No  Yes  ---2  210  No  Yes  11  Male  51  2  320  No  No  12  Male  57  2  212  No  No  ---2  163  Yes  No  13  Male  22  2  234  Yes  No  ---2  230  No  No  14  Male  37  1  215  Yes  Yes  15  Female  46  2  234  No  No  16  Female  54  2  278  No  No  ---2  230  No  No  17  Male  50  2  127  Yes  No  18  Male  48  2  169  No  No  ---2  119  Yes  No  19  Female  20  1  198  No  No  ---1  135  No  No  20  Male  43  2  168  Yes  No  21  Female  23  2  199  No  Yes  ---2  178  No  Yes  22  Female  57  2  300  Yes  No  ---2  270 Yes
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When the trocar was in proper position, the inner rod of the trocar was removed, leaving a 6-mm trocar sleeve in the area of ON. The trocar was retracted a few millimeters to open up the area of decompression and free the trocar from bone at its tips and the 12 cc of BMC and 6 cc of PRP were mixed in a 30-cc syringe and injected into the trocar with the hip in flexion to avoid backflow of the fluid. To prevent retrograde backflow of the BMC and PRP, the trocar was removed and reinserted at a different angle to push cancellous bone into the tract or demineralized bone matrix was injected into the trocar to plug the tract. The incision was then closed in a standard fashion.
All patients were discharged home the day of surgery and allowed to weightbear as tolerated immediately with the use of crutches for approximately 2 weeks or until they no longer had pain. Patients were also started on 20 mg atorvastatin daily if they were able to tolerate the medication.
MSC Content
An additional 30 cc of bone marrow was aspirated from the patient and 3 cc of BMC was obtained and used to quantify the MSC content. Nucleated cell quantity within the BMC was determined using a Countess TM (Invitrogen, Grant Island, NY, USA) automated cell counter with cells stained with 0.4% trypan blue (Invitrogen).
The nucleated cells in the BMC were suspended and plated with MSCs identified as cells with the ability to proliferate in culture with an adherent, spindle-shaped morphology in expansion media supplemented with 10% fetal bovine serum (FBS). Cell cultures were passaged when the cells reached 80% confluence using 0.05% Trypsin (Invitrogen). After each passage, 30,000 cells were replated on new 100-mm plates with expansion media and 10% FBS. The process was repeated for a total of two cell passages before the start of growth experiments.
To assess MSC yield, fibroblast colony-forming unit (CFU) assays were used as previously described [36] . Human MSC precursors were quantified by washing cells and staining with 0.5% Crystal Violet (Sigma Aldrich, St Louis, MO, USA) in methanol for 5 minutes at room temperature after 2 weeks of expansion. Visible colonies were counted and the experiments were performed in triplicate and reported as mean.
Lesion Analysis on MRI
Patients underwent preoperative and 12-month postoperative MRI to assess change in the size of the necrotic lesion using the modified Kerboul angle [14] . The modified Kerboul grade was used to assess the overall involvement of the femoral head on preoperative imaging by measuring the necrotic angle on midcoronal and midsagittal images. Lesions were graded as 1 (< 200°), 2 (200°-249°), 3 (250°-299°), and 4 ($ 300°) as previously described [14] (Fig. 1 ). Patients were prospectively followed over the course of the study with regular postoperative visits to assess clinical response to treatment. At the 12-month time point, patients underwent repeat MRI to evaluate changes in the ON lesion.
Clinical Evaluation
Functional outcome after the procedure was calculated using the Harris hip score [15] , on which 0 is the worst possible score and 100 is the best. Mean followup after the decompression was 3 years (range, 2-4 years). Progression in ON stage to collapse and subsequent procedures including repeat decompression and THA were collected in all patients.
Statistical Analysis
Continuous variables were assessed using the Student's t-test and categorical variables were compared using the Fisher's exact test. Correlation between MRI changes was made with Spearman's rank correlation coefficient. Survivorship free from conversion to THA, any procedure, and femoral head collapse was made using the Kaplan-Meier method at the 2-and 3-year postoperative time points. Because this was a preliminary study and to capture all hips for failure in patients with bilateral disease, each hip was analyzed independently. Statistical significance was set at a p value of < 0.05.
Results
Survivorship free from THA at the 2-and 3-year time points was 97% (95% confidence interval [CI], 83%-99%) and 84% (95% CI, 56%-95%). The overall survival of articular cartilage collapse at the 2-and 3-year time points was 97% (95% CI, 83%-99%) and 93% (95% CI, 76%-98%). In addition to these four failures to THA, two patients (four hips) underwent a second decompression with BMC and PRP injection for persistent pain. These two patients have not undergone THA or progression in disease stage. The survivorship free from any reoperation at the 2-and 3-year time points was 97% (95% CI, 83%-99%) and 67% (95% CI, 42%-85%). There were no complications related to the procedure including infections, aspiration or injection-related complications, or femoral fractures.
The (Table 2) . Three progressed to THA; one underwent redecompression and the other has not progressed.
At the patients' final followup, the mean preoperative Harris hip score was 57 6 12, which improved to 85 6 15 at latest followup (mean change 28 6 3, p < 0.001). Twenty-seven (77%) hips had a good to excellent functional outcome ($ 80) as rated by the Harris hip score.
The mean CFU was 19 6 6. Patients who underwent an additional surgical procedure (THA or repeat core decompression) had a lower mean concentration of nucleated cells per milliliter of BMC (5.5 x 10 6 6 2.8 x 10 6 cells/mL versus 2.3 x 10 7 6 2.2 x 10 7 cells/mL, p = 0.02) and lower mean CFUs (13 6 6 versus 19 6 7, p = 0.04) compared with those who did not.
Discussion
Precollapse ON of the femoral head can be adequately treated with core decompression alone [24, 42] ; however, in patients with advanced precollapse disease, the rate of failure of core decompression alone is high. To improve survivorship of the hips in these patients, adjuvants including MSCs have been used; however, failure still occurs. PRP is an easily obtainable source of growth factors that has the potential to improve bone healing; however, its use in combination with BmMSC to treat ON of the femoral head has not been investigated. In this preliminary series, we found that 93% of patients treated with a combination of BmMSC and PRP were free of femoral head collapse and 84% were free of conversion to THA at 3 years of followup.
The results of this study should be taken in light of certain limitations. Because this study only includes patients with corticosteroid-induced ON, results may not be translatable to patients with ON secondary to an alternative risk factor. Furthermore, there is no comparison to patients undergoing decompression alone. A randomized trial would be ideal, because the use of hip decompression augmented with BMC remains controversial. We are unable to comment if BMC versus PRP versus core decompression alone is superior to the other. Followup here was at short term; with more time, there may be an increased rate of conversion to THA and articular surface collapse. Likewise, the cost associated with the collection of BmMSCs and PRP was not analyzed. Future studies will need to evaluate whether the added costs of using BmMSCs is justified in light of the results over time; ideally, such studies should compare BmMSCs with the available alternatives and with core decompression alone. In addition, 13 Previous studies have shown a decreased concentration of BmMSCs in the proximal femur of patients with ON; as such, the addition of BmMSC, which contains osteogenic and angiogenic progenitor cells, was thought to be able to heal the avascular, necrotic regions of the femoral head [6, 19] . Augmenting hip decompression with BmMSC was first described in 2002 by Hernigou and Beaujean [18] , after which multiple prospective randomized and retrospective studies comparing core decompression with decompression augmented with BmMSC have reported success with more patients in the BmMSC arm able to avoid THA [10, 12, 18, 37, 39] . That being said, the outcome of treatment is mixed with series also failing to demonstrate better results in the cell therapy arm [29] . Previous studies have not evaluated the combination of PRP and BmMSC. The preliminary results of this prospective cohort study are comparable to previous reports in terms of hip preservation [10, 12, 18, 37, 39] and highlight the risk factors for progression in this group of patients with corticosteroid-induced ON such as a high initial Kerboul angle and low BmMSC count and function.
The modified Kerboul angle has been shown to be associated with collapse of the femoral head in patients with ON [14] . That study separated the patients into "low risk" and "high risk" for collapse based on the preoperative grade and randomized to nonoperative treatment or core decompression alone [14] . There was no difference in outcome between the operative and nonoperative groups and among the high-risk (modified Kerboul Grade 3 and 4) patients, 100% of patients collapsed, whereas only 29% of the lowrisk patients (modified Kerboul Grade 1 and 2) progressed to collapse [14] . The results of our study are similar with 80% of patients classified as "high risk" undergoing an additional surgical procedure (THA or repeat decompression); however, no low-risk patients progressed to collapse. This study supports randomized trials showing an improvement in femoral head involvement after hip decompression augmented with cell therapy [10, 39] . Further followup and repeat MRI at later intervals may show further improvements in femoral head involvement and are needed to determine whether the initial healing continues or halts.
After core decompression augmented with BMC, multiple reports have shown improvements in patient function [10, 12, 18, 39] . In a prospective comparative study, Gangji et al. [10] noted improvements in the visual analog pain score and a decrease in joint symptoms based on the Lequesne index between patients undergoing core decompression augmented with BMC compared with those without BMC. Although there was a reduction in the pain patients were having, the authors failed to notice a major difference in the WOMAC between patients augmented with BMC and those without [10] . Sen et al. [39] noted improvements in the Harris hip score after core decompression augmented with BMC. In the present series, 80% of patients who did not go on to have THA had a good or excellent outcome as measured by the Harris hip score. Likewise, there was no difference in the mean Harris hip score between patients with "low-risk" or "high-risk" lesions based on the modified Kerboul angle; therefore, the degree of pain is not a good indicator as to who would be a good candidate for the procedure.
The ability of the BMC injected into the area of necrosis to differentiate into bone is not fully understood. Gangji et al. was able to show that after the injection of BMC into the necrotic lesion, a majority of the cells remain in the femoral head 24 hours after injection [10] ; however, no studies have definitively shown these cells differentiate into bone and may instead exert a paracrine effect in the environment orchestrating the healing response. In their original paper, Hernigou and Beaujean hypothesized that osteogenesis and angiogenesis were related to the number of MSCs injected [18] . For patients with corticosteroidinduced ON, there was a major difference in the number CFUs for patients who progressed to THA compared with those who did not [18] . The results of this study are similar with an increase in mean CFU, but also the total number of nucleated cells isolated from the bone marrow in patients who underwent an additional procedure and those who did not. Although patients who went on to have a reoperation received fewer cells, recent studies have shown that although MSCs are isolated from BMC in patients with ON, they are unable to differentiate into bone with the same proclivity as MSCs isolated from patients without ON [22] . As a result of the progression of disease even with injection of MSCs, alternative cell sources such as adiposederived MSCs (AdMSCs), which have been shown to be phenotypically superior to BmMSC to differentiate into bone in the setting of ON [41] , may hold promise to increase rates of healing, especially in those in whom the BMC may not be the best source of MSC. Further studies demonstrating Although not investigated in this series, the cost associated with the use of BmMSC compared with decompression alone is greater. In addition, nonoperative treatment with bisphosphonates has been shown to be efficacious in the treatment of ON of the femoral head with improvements in pain and function [1, 2, 27] . This has been supported by a prospective randomized study that showed bisphosphonate therapy to be effective in preventing progression of osteonecrotic lesions in the femoral head [27] . As a result of the cost associated with all treatments, and the risks associated with surgery, future studies analyzing costs of care as well as risks versus benefits both in surgical and nonsurgical approaches are needed.
Overall, in this preliminary study, core decompression augmented with BmMSC and PRP preserved the femoral head articular surface in 93% of patients and 84% of patients were free of THA in this cohort at short-term followup. Future studies are needed to compare the outcome of BmMSC and PRP compared with core decompression and nonoperative treatment alone to determine superiority of treatment. Patients with a high modified Kerboul angle and low concentration of nucleated cell count in the BmMSC had risk of collapse or continued pain requiring THA or repeat decompression.
